Regulation of cell type-specific gene expression is critical for generating neuronal diversity. Transcriptome analyses have unraveled extensive heterogeneity of transcribed sequences in retinal photoreceptors because of alternate splicing and/or promoter usage. Here we show that Frmpd1 (FERM and PDZ domain containing 1) is transcribed from an alternative promoter specifically in the retina. Electroporation of Frmpd1 promoter region, −505 to +382 bp, activated reporter gene expression in mouse retina in vivo. A proximal promoter sequence (−8 to +33 bp) of Frmpd1 binds to neural retina leucine zipper (NRL) and cone-rod homeobox protein (CRX), two rod-specific differentiation factors, and is necessary for activating reporter gene expression in vitro and in vivo. Clustered regularly interspaced short palindromic repeats/Cas9-mediated deletion of the genomic region, including NRL and CRX binding sites, in vivo completely eliminated Frmpd1 expression in rods and dramatically reduced expression in rod bipolar cells, thereby overcoming embryonic lethality caused by germline Frmpd1 deletion. Our studies demonstrate that a cell type-specific regulatory control region is a credible target for creating loss-of-function alleles of widely expressed genes.
Introduction
Differentiation of diverse cell types during mammalian organogenesis requires precisely coordinated spatial and temporal patterns of gene expression. Like most organisms, the human genome possesses a limited number of genes (∼20 000) (1) , yet 250 000 to 1 million distinct RNA and protein variants are derived from the same genetic blueprint to construct extensive complexity of architecture and function (2) . How such a highly orchestrated genetic program unravels the vast potential of the genome remains one of the most elusive questions in biology. A plethora of RNA isoforms can be produced by alternative splicing, and over 95% of human genes can generate distinctive splice variants in discrete cell types, and many times even in the same cell, at defined stages of development (3) (4) (5) . In the nervous system, activity-dependent alternative splicing reportedly contributes to synaptic remodeling (6) . Furthermore, use of alternate promoters can confer cell type-specific regulation and function to widely expressed genes, highlighting its key role in shaping distinct cellular identities (7) (8) (9) . Indeed, alternative promoter usage is prevalent as early as embryogenesis and may contribute to germ layer specification (10) . Expression of cell type-specific transcripts is especially prevalent in the central nervous system and contributes to functional differences among neurons (11) (12) (13) . Untangling regulatory control mechanisms that produce remarkable specificity and function is a challenging task, especially because similar or overlapping isoforms are expressed in multiple cell types.
The exquisite laminated architecture of the retina with only five major types of neurons makes it an attractive model to dissect the contribution of alternative promoter usage in generating unique cellular functions from common pools of progenitor cells (14, 15) . The rod and cone photoreceptors in the retina are designed for the efficient capture of light and rapid subsequent transmission of electrical signals. These highly specialized neurons originate from common precursors during evolution (16) yet have distinct physiological characteristics pertaining to detection of light, color perception and signal transmission (17) . The differentiation of rod and cone subtypes is largely guided by a small set of transcription factors; these include Orthodenticle homeobox 2 (OTX2), neural retina leucine zipper (NRL), conerod homeobox (CRX) and thyroid hormone receptor beta (TRβ2) (18) . OTX2 is critical for determining photoreceptor cell fate (19) . NRL and TRβ2 together define the fate of three photoreceptor subtypes in mouse retina (20) . Post-mitotic cells fated to become rods develop instead as short wavelength sensitive cone (S-cone)-like photoreceptors in the absence of Nrl (Nrl −/− mouse) (21) , whereas ectopic Nrl expression drives cones to develop as rods (22) . CRX is critical for the expression of both rod and cone genes (23, 24) and works synergistically with NRL to establish rod morphology and function (25) .
Transcriptomic and epigenomic analyses of developing mouse rods and S-cone-like photoreceptors have uncovered a large network of NRL-regulated genes enriched in the rod photoreceptors (26) (27) (28) . Several hallmarks of photoreceptor morphogenesis, including outer segment and synapse formation, are initiated after postnatal day (P)6 during retinal development, concurrent with a major shift in gene expression patterns (26, 29, 30) . We therefore focused on evaluating NRL-and CRX-regulated genes that demonstrate dramatically increased expression after P6, with a goal to elucidate molecular pathways contributing to rod morphology and/or function.
The Frmpd1 (FERM and PDZ domain containing 1) gene was selected from rod transcriptome filtering analysis because of its highly specific expression in rods but not in cones (26) . Here, we demonstrate that an alternatively spliced isoform of Frmpd1 is specifically transcribed in the rod photoreceptors and rod bipolar cells of the retina. In vivo and in vitro experiments reveal that the expression of the Frmpd1 alternate isoform in rod photoreceptors is specifically controlled by NRL and CRX. We also achieved complete loss of Frmpd1 expression in rods and greatly reduced expression in bipolar cells, by deleting the genomic region including the NRL and CRX binding sites via clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9. In addition to further delineating the differentiation effector molecules in NRL and CRX regulatory network, our studies provide a useful strategy for producing cell type-specific CRISPR gene knockouts by targeting regulatory genomic regions in vivo.
Results

Frmpd1 expression increases during rod photoreceptor maturation
Frmpd1 was initially selected by filtering of transcriptome data from developing retina and flow-sorted photoreceptors because of its dramatic rod-enriched upregulation of expression after P6 (Fig. 1A) . Polymerase chain reaction (PCR) amplification of Frmpd1 transcripts from a panel of adult (P21) mouse tissues revealed its high expression especially in the retina, with much lower levels in brain and lung (Fig. 1B) . Fluorescent in situ hybridization studies were then performed on a developmental time series of retina sections from both Nrl +/+ and Nrl −/− mice (Fig. 1C) . Consistent with ribonucleic acid sequencing (RNA-seq) data, enhanced expression of Frmpd1 transcripts was readily detected in the outer nuclear layer (ONL) as rod differentiation proceeded from P4 to P21 (Fig. 1C) . In addition, Frmpd1 transcripts were evident in the inner nuclear layer (INL) close to the photoreceptor layer; co-labeling with anti-protein kinase C alpha (PKCα) antibodies revealed these cells to be rod bipolar cells (data not shown). In the cone-only Nrl −/− retina where all rods have been converted into S-cone-like photoreceptors, only bipolar cells showed Frmpd1 transcripts confirming its rod-specific expression in the photoreceptor layer (Fig. 1C ).
Frmpd1 transcript in the retina but not brain includes an alternative 5 -untranslated exon
RNA-seq analysis indicated that the FRMPD1 transcript in the human retina corresponds exclusively to Ensembl ID Frmpd1-203, whereas Frmpd1-202 is detected in the brain ( Fig. 2A) . Similar transcript isoforms were observed in the mouse retina and brain (data not shown). To identify the Frmpd1 transcriptional start site (TSS), 5 -RACE (Rapid Amplification of cDNA Ends) was performed on both mouse and human retina and brain tissues (Fig. 2B) . Sanger sequencing of the 5 -RACE products confirmed that the brain Frmpd1 transcript was initiated from the annotated exon 1, whereas the retinal transcript possessed an alternate exon 1a, indicating the use of an alternate promoter (Fig. 2B) . We validated these findings by identifying additional sequences beyond the TSS of both annotated and alternate 5 -untranslated exon in the brain and retina, respectively (Fig. 2C) . Exons 2-16-derived sequences were identical in transcripts from both tissues, thereby maintaining the identical protein product generated from the initiation codon in exon 2. The primers specific to exon 1a amplified a product only from the retinal RNA but not from heart, brain and lung samples (Fig. 2D) . Fluorescent in situ hybridization of retinal sections using an exon 1a-specific probe detected Frmpd1 expression in both rod photoreceptors and INL cells (Fig. 2E ).
Frmpd1 alternative promoter activates reporter activity in the retina in vivo
To identify regulatory elements contributing to retinal Frmpd1 expression during development, we first examined the conservation of genomic sequences from upstream of brain exon 1 to the retinal alternate exon 1a and then integrated these with previously reported (31) open chromatin regions as evidenced by DNase-seq (Fig. 3A) . Interestingly, this analysis revealed the presence of three putative regulatory elements [referred as conserved open chromatin region (COCR)-A-C in Fig. 3A ] within +/−20 kb of the Frmpd1 retinal TSS (+1), which shows differential chromatin accessibility during retina development. COCR-A (−19 491 to −18 605) encompasses part of brain exon 1 (−18 964 to −18 913), whereas COCR-B (−505 to +382) contains part of retina exon 1a (+1 to +563). We cloned the three potential transcriptional control regions upstream of the green fluorescent protein (GFP) reporter gene and co-transfected these constructs with a CAG-mCherry plasmid (control for transfection) into neonatal mouse retina by in vivo electroporation, as illustrated (Fig. 3B) . The retinas were harvested at P21 (representative of peak Frmpd1 expression levels) and imaged for expression of GFP and mCherry reporters in flatmounts. The COCR-B construct carrying the −505 to +382 sequence encompassing the upstream region and a part of exon 1a produced the highest levels of GFP expression with almost 50-fold increase compared to an empty promoter construct ( Fig. 3C and D) . We therefore conclude that retina-specific upregulation of Frmpd1 is directed by COCR-B control region in vivo.
NRL and CRX bind to proximal region of Frmpd1 alternate promoter
In silico examination of COCR-B revealed putative binding sites for multiple transcription factors that are expressed in the P21 retina ( Fig. 4A and B) . Given that loss of Nrl abrogated Frmpd1 expression in rods and NRL functions synergistically with CRX, we first evaluated the published chromatin immunoprecipitation sequencing (ChIP-seq) data for these two transcription factors (32, 33) to narrow down the control elements (Fig. 4C) . We selected two different retina promoter oligonucleotides (RPO1 and RPO2) carrying potential NRL-and CRX-binding sequences and generated multiple mutants, by site-directed mutagenesis, to examine specific critical elements (Fig. 4D ). Electrophoretic mobility shift assays (EMSAs) using the two 32 P-labeled oligonucleotide probes revealed binding of retinal nuclear proteins, and this binding was reduced or eliminated by including an excess of respective cold wild-type oligonucleotides ( Fig. 4E and F) . The cold mutant (M)2-M4, but not M1 and M5, oligonucleotides strongly affected the mobility shift of the radiolabeled RPO1 probe, suggesting that M1 mutation abrogates the binding site for the retinal protein(s) (Fig. 4E ). The electrophoretic mobility shift of radiolabeled RPO2 was reduced by the addition of cold wild-type and other mutant oligonucleotides, and only M11 mutant did not have any effect, implicating multiple residues in RPO2 for protein binding (Fig. 4F ). We note that the nucleotides required for mobility shift in RPO1 and RPO2 oligonucleotides overlap with CRX and NRL binding sites.
COCR-B sequence elements are required for promoter activation with NRL and CRX
To examine the relative contribution of CRX and NRL binding sequences within RPO1 and RPO2 to Frmpd1 promoter activation, we generated COCR-B-Luc reporter construct, containing −505 to +382 sequence upstream of a luciferase reporter gene, and mutated critical nucleotides identified in EMSA experiments ( Fig. 5A ; see mutants M5 and M11 in Fig. 4E and F) . We then co-transfected COCR-B-Luc or the two mutant constructs with NRL and/or CRX expression vectors. As predicted, NRL and CRX activated the Frmpd1 promoter containing COCR-B sequence, and only M11 mutant (i.e. RPO2 sequence) but not M5 (i.e. RPO1 sequence) dramatically decreased the luciferase reporter activity (Fig. 5B ). Electroporation of a mutant Frmpd1 promoter-GFP construct carrying RPO2-M11 mutations demonstrated a dramatic decrease in reporter activity in the retina in vivo (Fig. 5C and D) . Further analysis of mutations in RPO2 sequence identified nucleotides critical for transactivation by NRL and/or CRX (Fig. 5E ). Together with EMSA ( Fig. 4F) , these results pinpointed critical nucleotides for Frmpd1 promoter activation by NRL and CRX and demonstrate that the −8 to +33 promoter sequence is critical for NRL-and CRX-mediated expression of Frmpd1 in rod photoreceptors.
Deletion of NRL and CRX binding sites causes rod-specific silencing of Frmpd1
We wondered whether the removal of the rod photoreceptorspecific promoter region (RPO2 but not RPO1) would overcome embryonic lethality observed by complete loss of Frmpd1 (unpublished data). CRISPR/Cas9 guide RNAs (gRNAs) were designed flanking the photoreceptor minimal promoter and exon 1a to excise this region through non-homologous end joining (NHEJ) (Fig. 6A) . The RPO1 sequence, the brain TSS and the translation start site (in exon 2) were left unaltered such that only the rod photoreceptor-specific regulatory sequence of Frmpd1 was disrupted. PCR genotyping and sequencing of tail DNA confirmed a deletion of 1080 bp in the target Frmpd1 genomic DNA, encompassing the NRL and CRX binding sites ( Fig. 6B and C) .
In situ hybridization studies using probes specific to the targeted exon 1a revealed absolutely no expression in rods with negligible transcripts in the retinal bipolar cells (arrowheads), whereas probes designed from Frmpd1 exons 3-12 showed a complete loss of mRNA in rods and very low level of expression in bipolar cells (Fig. 6D) . When assessed by quantitative PCR (qPCR) using primers from exon 16, the retinas of Frmpd1 Δ1a mice revealed reduced expression of Frmpd1 mRNA, and expression in other tissues remained unchanged (Fig. 6E ). Retina protein lysates from Frmpd1 Δ1a mice demonstrated a drastic reduction (∼70%) in Frmpd1 protein levels by immunoblotting ( Fig. 6F and G) . As predicted, the Frmpd1 protein expression was unaffected in the brain (data not shown).
Discussion
Spatiotemporally restricted and quantititatively precise control of transcription is critical for producing cell type-specific attributes. Alternate splicing and promoter usage expand modes of gene regulation and permit the generation of unique transcribed sequences from a single gene, offering efficiency as well as functional redundancy in biological pathways. Complexities associated with the processing of visual information within retinal neurons necessitate a multitude of control mechanisms. Maintenance of physiological state and initiation of phototransduction in retinal photoreceptors exert enormous metabolic demands that are constantly responding to light, microenvironment and circadian cues. NRL and CRX direct and/or augment the expression of most rod genes by providing local control to cellular dynamics specific to rod photoreceptors. In order to elucidate how unique rod morphology and function are created during development, we have focused on delineating the regulation of photoreceptor-enriched transcription from otherwise widely expressed genes. Here we demonstrate that transcription of Frmpd1 is initiated from a retina-specific alternative promoter and define sequence elements mediating its rod-specific expression through NRL and CRX. We also show that the removal of this rod-specific regulatory region by CRISPR/Cas9 completely abolishes Frmpd1 expression in rod photoreceptors of the mouse retina. The dramatically reduced Frmpd1 expression in bipolar neurons might reflect its regulation by CRX, which is also expressed in these cells (34) . Our studies thus provide a novel approach to target cell type-specific transcript isoforms of widely expressed genes in the germline by excising specific gene regulatory control elements. Selective use of alternative promoters in different cell types or tissues to generate an identical protein product adds an additional level of spatio-temporal control on gene expression. In addition, unique 5 -untranslated regions (UTRs) of distinct alternative transcripts provide regulation through mRNA stability/ turnover, localization and translation efficiency (35) (36) (37) . Similar alternative promoters and UTRs that do not affect the open reading frame have been reported for many genes, e.g. runt-related transcription factor 1, OTX2 and short stature homeobox (38) (39) (40) . The 5 -UTR of Frmpd1 in the retina is more ATrich compared to Frmpd1 transcripts in other tissues (45% versus 19% AT), suggesting lesser stability of the retinal isoform. We hypothesize that faster turnover of Frmpd1 transcripts permits more stringent control over its function in response to rapid dynamics of photoreceptor microenvironment. Interestingly, Frmpd1 expression varies as much as 2-fold across the circadian cycle (data not shown), suggesting that continuous finetuning of its expression might be required to maintain rod photoreceptor homeostasis.
A majority of rod-expressed genes are transcriptionally activated by synergistic actions of NRL and CRX, and the presence of NRL and CRX binding elements in close proximity within a promoter-enhancer region strongly suggest rod-specific transcription (24) (25) (26) 32, 33, 41) . Dramatic upregulation of Frmpd1 transcription in developing rods from P6-P10 is indicative of contributions from additional factors, such as NR2E3 and estrogen receptor-related beta protein, that are induced during this period (Fig. 4B ) and shown to contribute to rod differentiation (42) (43) (44) . Notably, NR2E3 forms complexes with NR1D1 (42), which is implicated in modulating circadian rhythmicity in gene expression patterns (45) . In fact, the −505 to +382 promoter region (COCR-B) of Frmpd1 that exhibited enhanced activation in the retina (Fig. 3C) includes one NR1D1 and several NR2E3 binding sites (Fig. 4A) , which might further influence Frmpd1 expression dynamics in rods.
The FERM and PDZ domains are commonly detected in scaffolding proteins that coordinate anchoring of cytoskeletal and/or signaling complexes at the cell membrane (46, 47) . Frmpd1-4 proteins include both of these domains and are implicated in a wide range of morphogenic and signaling functions. For example, Frmpd2 interacts with Lrit1 in cone photoreceptors to modulate synaptic transmission to ON-bipolar cells (48, 49) . Frmpd4 or Preso1 facilitates the interaction of metabotropic glutamate receptors with adaptor protein Homer to modulate their activity at excitatory synapses (50) . The presence of such a highly conserved, tissue-specific regulatory mechanism that escaped selective pressure suggests the importance of tightly controlled expression of Frmpd1 for optimal rod photoreceptor function. Though a precise role for Frmpd1 in the retina is not yet delineated, this protein can interact with G-protein signaling modulators 1 and 2 (51,52), which have been implicated in stabilizing the inactive, guanosine diphosphate-bound form of transducin alpha (53) (54) (55) (56) . Given that phototransduction in rod photoreceptors relies heavily on G-protein signaling by transducin, we postulate a key function of Frmpd1 in modulating neurotransmission in rods. Generation of a rod-specific Frmpd1-knockout mouse will now allow us to test this hypothesis.
CRISPR/Cas9 typically generates mosaic founder mice, although some founder mice may be homozygous for mutations (57) . Thus, CRISPR-based methods for generating loss-offunction mouse lines can be more time effective than traditional Cre/loxP systems. However, germline disruption of a gene can result in embryonic lethality. The Cre/loxP system offers the flexibility of inducing gene disruption in a spatially and temporally regulated manner through selective Cre lines to bypass embryonic lethality (58) . The CRISPR/Cas9 system has been widely used for producing loss of function alleles in mice, yet its use for cell-specific gene editing or disruption has been limited (59) (60) (61) . A germline deletion of Frmpd1 resulted in death of embryos at around E10 (data not shown), thereby hampering the analysis of its function in rod photoreceptors. We were able to generate a rod-specific loss of Frmpd1 through CRISPR/ Cas9-mediated deletion of its alternative promoter in the germline without altering the expression of Frmpd1 protein in brain and other tissues. Our targeted approach should have wide application for producing specific alleles of other similar transcript isoforms in the photoreceptors (62) and/or other cell types.
Gene therapy approach for dominant diseases at times requires silencing of the host allele before gene replacement using adeno-associated viral vectors (AAV) (63, 64) . However, this strategy cannot easily distinguish between the target allele(s) and those delivered exogenously and/or expressed in multiple cell types. Delivery of CRISPR/Cas9 via AAV has been successful in knocking down the expression of rod photoreceptor gene Nrl in vivo (65) . As such, the retina offers an excellent model for testing AAV-delivered and CRISPR/Cas9-mediated targeted gene disruption, editing and therapy. A selective promotertargeted strategy, described in this report, would permit specific host transcript isoform silencing for experimental or gene therapy purposes. Almost 600 genes that are predicted to be transcriptional targets of NRL and CRX in rod photoreceptors (33, 41, 66) represent attractive candidates for utilizing this targeted strategy.
Materials and Methods
Mouse lines and animal husbandry
All experiments were conducted according to protocols approved by a local Institutional Animal Care and Use Committee and adhered to the Association for Research in Vision and Ophthalmology statement for animal use in ophthalmic and vision research. 
CRISPR/Cas9-mediated genome editing
Deletion of the retina-specific Frmpd1 proximal promoter in the mouse genome was achieved by CRISPR-mediated editing in C57BL/6J zygotes (67) . A pair of gRNAs for Streptococcus pyogenes Cas9 (SpCas9) flanking the retina-specific Frmpd1 proximal promoter were designed using an online CRISPR tool (http://www.crisprscan.org) and synthesized by in vitro transcription (IVT), as described (68) . Briefly, a forward primer containing the crRNA sequence following the T7 promoter (Table 1 ) and a reverse primer consisting of the last 20 bp of the trans-activating crRNA (tracrRNA) sequence were used to produce the templates, which were then transcribed into crRNA-tracrRNA (single gRNA) (69) using the MEGAshortscript T7 Transcription Kit (Thermo Fisher Scientific, Rockford, IL, USA). SpCas9 protein (100 ng/μl) was then mixed with 50 ng/μl of each gRNA in 10 mm Tris (pH 7.5) and incubated at room temperature for 15 min to assemble ribonucleoprotein particles (RNP). Assembled RNP were microinjected into zygotes from 3-week-old superovulated C57BL/6J females (Jackson Laboratory, Bar Harbor, ME, USA). These were cultured in modified KrebsRinger bicarbonate or KSOM medium overnight, and the next day, two-cell embryos were transferred into pseudopregnant recipient females. Pups carrying the deletion alleles were identified by PCR with primers flanking the gRNA cut sites as described ('PCR and genotyping', below). Six of the eight F0 pups carried deletions of the target region, which varied somewhat in size. The genetic mosaic F0 founder carrying the largest deleted region was crossed with wild-type C57BL/6J mice for germline transmission of the deletion alleles. F1 founders carrying the alleles were crossed to C57BL/6J mice for at least two additional generations before heterozygous and homozygous progeny were used in the studies.
PCR and genotyping
For genotyping, genomic DNA was extracted from tail clippings (DirectPCR Lysis Reagent, Viagen, Los Angeles, CA, USA). Wildtype and deletion alleles were detected via amplification using a 3-primer PCR reaction yielding products of 342 bp and/or 150 bp, respectively. Endpoint PCR and quantitative PCR were performed using gene-specific primers on cDNA synthesized from various mouse tissues at P21 as previously described (70) . qPCR experiments were performed in biological and technical triplicate, and statistical significance determined by one-way analysis of variance (ANOVA) multiple comparisons. Primer sequences are provided in Table 2 .
Fluorescent in situ hybridization
Fluorescent in situ hybridization was performed on 1 h 4% paraformaldehyde (PFA)-fixed cryosections from adult mouse retina, using reagents from Advanced Cell Diagnostics as previously described (26) . Custom probes were designed to target either all Frmpd1 transcripts (exons 3-12) or exon 1a specifically (Table 3) . Images are representative of at least three biological replicates.
-RACE derived from full-length RNA
Total mouse RNA was extracted from tissues according to the manufacturer's protocol (TRIzol LS, Thermo Fisher Scientific), while human RNA was obtained commercially (Clontech, Mountain View, CA, USA). 5 -RACE was performed according to the SMARTer RACE 5 /3 kit manufacturer's instructions (Clontech) using gene-specific primers (Table 4) . At least 10 independent clones from each reaction were Sanger sequenced and submitted to Cap3 (http://doua.prabi.fr/software/cap3) to generate a consensus sequence.
In silico promoter analysis
FASTQ files from CRX transcription factor ChIP-seq were downloaded from Gene Expression Omnibus with accession IDs GSE20012 and GSE54084 (32) . NRL ChIP-seq data (33) was downloaded from https://datashare.nei.nih.gov/nnrlMain.jsp. DNase-seq data was downloaded from the mouse ENCODE project (31) . Low-quality bases of FASTQ reads were trimmed using Trimmomatic (71) with parameters SLIDINGWINDOW:4:15 and MINLEN:24. Cleaned FASTQ reads were then aligned to the mouse reference genome (mm10) using BWA backtrack algorithm (72) . Alignments that were unmapped, having a mapping score < 20, and secondary alignments were filtered using Samtools (73) with the following parameters: '-q 20 -F 1796'. Mammalian conservation (Placental Mammal Basewise Conservation by PhyloP) was visualized using the December 2011 (GRCm38/mm10) UCSC Genome Browser assembly. MatInspector (Genomatix Ann Arbor, MI, USA) was used to identify predicted transcription factor binding sites within the COCRs directly upstream of Exon 1a in the mouse genome.
RNA-seq analysis
Mouse total RNA-seq (74) and flow-sorted photoreceptor (26) datasets were analyzed as reported previously (75) . For human RNA-seq, adaptors and low-quality bases of FASTQ reads were trimmed with Trimmomatic (71) and aligned via the STAR (2-pass) tool to the human transcriptome (Ensembl GRCh38.85) (76) . Parameters sjdbOverhang = 124 for retinal reads and sjdbOverhang = 75 for brain reads were used to generate the STAR index, with ENCODE standard options for the rest of the alignment. The resulting BAMs were sorted and indexed via SAMTOOLs and then subset using SAMTOOLs for the FRMPD1 region and re-indexed (73).
Plasmid DNA constructs and mutagenesis
Putative promoter sequences were PCR amplified from C57BL/6J mouse genomic DNA using a high-fidelity Taq polymerase (Seqamp polymerase, Clontech) and inserted into the multiple cloning site of pGL3-basic vector for in vitro luciferase assays (Promega, Madison, WI, USA). To generate in vivo GFP promoter constructs, PCR amplification of pEGFP-N1 vector backbone (Clontech) was used to remove its CMV promoter, which was then replaced by test promoter fragments. Mutations were introduced into Frmpd1 promoter constructs according to Q5 Site-Directed Mutagenesis Kit manufacturer's instructions (New England Biolabs, Ipswich, MA, USA). Primer sequences are provided in Table 5 .
In vivo electroporation
Equimolar amounts (140 fmol) of each promoter driving GFP were co-transfected with 50 fmol of CAG-mCherry construct in neonatal (P1) mouse pups via in vivo electroporation as previously described (77) . At P21, electroporated eyeballs were fixed in 4% PFA for 30 min before the retina was dissected out and fixed for an additional 30 min. Each retina was then flatmounted with Fluoromount-G (Southern Biotech, Birmingham AL, USA), imaged using a Zeiss LSM 700 confocal microscope and quantified for relative activity as described (78) . A minimum of three biological replicates for each construct were analyzed, and statistical significance determined by one-way ANOVA multiple comparisons. 
Electrophoretic mobility shift assay
Luciferase assay
HEK293 cells were seeded in 450 μl complete media at a density of 50 000 cells/well into 24-well plates. Two days later, cells were transfected using Lipofectamine 2000 (Invitrogen) by adding 50 μl concentrated DNA-lipid complex directly to each wellcontaining cells and media for desired end concentrations of each plasmid construct per well. Forty-eight hours posttransfection, cells were harvested, and luminescence of firefly and renilla luciferases were measured according to the DualLuciferase Reporter Assay System (Promega) manufacturer's protocol as previously described (79) . Experiments were performed in biological triplicates, and statistical significance was determined by multiple t-tests.
Immunoblotting
Retinae were isolated from P21 mice and lysed by sonication in ice-cold radioimmunoprecipitation buffer supplemented with protease inhibitors (Roche Applied Science, Penzberg, Germany) and 1% n-dodecyl β-D-maltoside (Sigma, St. Louis, MO, USA). Supernatants were quantified by BCA protein assay according to manufacturer's protocol (Pierce) and solubilized in 4× Laemmli buffer + β-mercaptoethanol. After denaturation, 50 μg of the total protein extract was separated by SDS-PAGE and transferred to PVDF membrane (Trans-Blot Turbo System, Bio-Rad, Hercules, CA, USA). Standard immunoblot procedure was followed as previously described (79) using primary antibodies raised against β-actin (Sigma A5316, 1:5000) and Frmpd1 (Atlas, Bromma, Sweden, HPA042934, 1:1000) and HRP-conjugated secondary antibodies raised in donkey (Millipore, St. Louis, MO, USA, 1:6000). Images are representative of at least three independent experiments. Densitometric analysis was performed in ImageJ by normalizing Frmpd1 to β-actin, and statistical significance was determined by unpaired t-test.
